Our understanding of the regulation of the expression of the sodium hydrogen exchangers (NHE) and their regulatory factors (NHERF), which play important roles in fetal-placental homeostasis, is incomplete. We previously showed that the expression and localization of NHE3 and NHERF2 in the juxtanuclear compartment of the placental syncytiotrophoblast were markedly decreased between mid and late baboon pregnancy. In the current study, immunocytochemical fluorescence localization and level of NHE3/NHE1 and NHERF1/NHERF2 proteins were determined in late gestation in baboons untreated or treated throughout the second half of gestation with an aromatase inhibitor CGS 20267 alone (reduced estrogen levels by >95%) or with estradiol to determine whether estrogen regulated antiporter developmental expression. The immunocytochemical expression of NHE3 and NHERF2 in the juxtanuclear compartment was minimal in baboons untreated or treated with CGS 20267 plus estradiol (i.e. estrogen-replete) but extensive in estrogen-suppressed animals. Moreover, the abundant expression of NHERF2 in fetal vascular endothelium of estrogen-replete baboons was decreased in estrogen-suppressed animals. In contrast, expression and localization of NHE1 and NHERF1 in the placental syncytiotrophoblast were not altered by estrogen deprivation in baboons. Based on our current and previous findings, we propose that estrogen plays an important role in regulating localization and expression of components of the NHE system within and consequently development and function of the primate placental syncytiotrophoblast.
INTRODUCTION
The sodium hydrogen exchangers (NHE) and their regulatory factors (NHERF) play an important role in regulating nutrient transport, Na + and H + exchange across the placenta, as well as placental pH, processes important to fetal-placental homeostasis and development [1] [2] [3] . We previously demonstrated that the subcellular localization of key components of the Na + /H + exchange system in the placental syncytiotrophoblast were altered in association with the increase in estrogen between mid and late baboon gestation [4] . Specifically, the expression of NHE3 and its regulatory factor NHERF2 localized to the trophoblast juxtanuclear compartment at midgestation was markedly decreased near term. In contrast, levels of NHERF2 in an enriched fraction of syncytiotrophoblast basal membrane and fetal vascular endothelium (BM/FVE) exhibited a developmental increase. Moreover, the specific concentrations of NHE1 and its regulatory factor NHERF1, both localized primarily to the microvillus membrane (MVM), were similar at mid and late gestation in association with a 4-fold increase in MVM alkaline phosphatase activity and presumably microvillus surface area as shown in human placenta [5, 6] . Despite the physiologic importance of the placental NHE system [3, [7] [8] [9] , our understanding of the factors controlling NHE/NHERF expression and localization in the primate syncytiotrophoblast is incomplete.
Estrogen has been shown to enhance NHERF1 expression in MCF-7 cells [10] , whereas cortisol increased NHE3 expression in the adult rat kidney [11] and transcriptional activation of the rat NHE3 gene [12] . Moreover, we previously demonstrated that estrogen regulated the developmental increase in placental syncytiotrophoblast levels and change in the localization of the 11β-hydroxysteroid dehydrogenase-1/-2 (11β-HSD-1/2) enzymes [13, 14] controlling glucocorticoid metabolism, biochemical and structural events that we proposed underpinned the increase in placental conversion of cortisol to cortisone that occurs between mid and late gestation [15, 16] . Considering these findings, in the current study we utilized our baboon model to determine whether the developmental decrease in NHE3 and NHERF2 expression in the trophoblast juxtanuclear compartment and concomitant increase in NHERF2 in the BM/FVE were regulated by estrogen.
MATERIALS AND METHODS

Animals
Female baboons (Papio anubis) weighing 12-18 kg were housed individually in stainless steel cages in air-conditioned quarters and fed Purina monkey chow (Ralston Purina, St. Louis, MO) and fresh fruit and/or vegetables daily and water ad libitum. Females were paired with males for five days at the anticipated time of ovulation and pregnancy subsequently confirmed as described previously [17] . Peripheral saphenous blood samples were obtained at 1-4 day intervals during the study period and from the maternal uterine vein at the time of placentalfetal delivery, and serum stored at −20°C until assayed for estradiol levels as described previously [18] . Animals were cared for and used strictly in accordance with USDA regulations and the NIH Guide for the Care and Use of Laboratory Animals 1985) . The Animal Care and Use Committee of Eastern Virginia Medical School approved the experimental protocol used in this study.
Animal treatment and tissue collection and preparation
Placentas were obtained on day 160-182 of gestation (term = day 184) from baboons untreated (n=5) or treated with the highly specific aromatase inhibitor, CGS 20267 (Letrozole; 4,4-[1,2,3-triazol-1yl-methylene] bis-benzonitrite, Norvartis Pharm AG, Basel Switzerland; 50 μg/kg body weight/day increasing the dose by 25 μg/kg at 7-day intervals to a maximum of 115 μg/ kg; n=13) or with CGS 20267 plus estradiol benzoate (each at 50-115 μg/kg; n=11) administered sc to the mother beginning on day 100 of gestation as described previously [18] . After removal of the decidua basalis and chorionic plate, 6-7 randomly selected sections of villous placenta were placed in phosphate buffered formalin (Sigma Chemical Co, St. Louis, MO) for immunocytochemistry and 60-70 grams of whole villous tissue used for preparation of fractions of syncytiotrophoblast MVM, cytosol presumably containing endosomes (10,000 × g; 10K), and cytosol containing endosomes and membranes contiguous with the basal membrane (BMm) and the BM/FVE as described previously [4, 9] . Although we [4, 13] previously showed using these procedures that alkaline phosphatase activity was enriched in the MVM and minimal in other fractions, whereas binding of dihydroalprenolol (DHAP) was enriched in the BM/FVE fraction, activity/binding was also determined in syncytiotrophoblast membrane fractions of animals of the current study.
Immunocytochemistry
Sections (4 μm) of paraffin-embedded placentas were blocked with 5% normal goat serum (NGS; Vector Laboratories, Burlingame, CA) and immunocytochemistry performed as described previously [4] . Briefly, samples were incubated (4°C) overnight with monoclonal antibody to NHE1 (Chemicon International, Temecula, CA), polyclonal antibodies to NHE3 (Chemicon), NHERF1 or NHERF2 (generously supplied by Dr. Chris Yun, Johns Hopkins University, Baltimore, MD) or with a monoclonal antibody to the endosome protein marker, Rab4 (Transduction Laboratories, Lexington, KY) and diluted to 8 μg/ml, 5 μg/ml, 1:7000, 1:1000 or 1:1000, respectively in 5% NGS-PBS. Additional sections were treated prior to incubation with primary antibody with Image iT FX signal enhancer (2 drops/section, as supplied; Molecular Probes Inc., Eugene, OR), blocked with 5% NGS and then treated with streptavidin-biotin blocking reagent (Vector) to further prevent non-specific binding to streptavidin receptors/binding proteins or to endogenous biotin [4] . All sections were then incubated with biotinylated antirabbit or antimouse IgG (Dako Corp., Carpinteria, CA) and then with streptavidin conjugated with AlexaFluor 488 Green (Molecular Probes) diluted 1:500 with 5% NGS. Sections were incubated with Sudan Black (1% in 70% methanol; Sigma) to quench autofluorescence, rinsed and treated (1 min) with propidium iodide (1.0 μg/ml PBS) to stain nuclei red. After application of mounting media (90% glycerol in 0.1 M Tris buffer, pH 9.0 containing 0.0625% n-propyl galate, final concentration), slides were sealed with nail polish and stored in the dark at 4°C until examined using a Zeiss 510 confocal laser microscope (Zeiss Inc., Heidelberg, Germany) or an Olympus BX41 microscope (Optical Elements Corp., Melville, NY) equipped with an Olympus DP70 digital camera with FITC, TRITC and FITC/ TRITC filter sets. Under these conditions, expressed proteins were detected as green and those co-localized with nuclei detected as yellow.
Western blot analyses
Western blots were performed as described previously [4, 9] . Briefly, after determination of protein concentrations, fractions were loaded (15-25 μg protein/lane) onto discontinuous SDSpolyacrylamide minigels, electrophoresed, wet transferred to Immobilon P (Millipore Corp., Bedford, MA), and membranes blocked with 3% BSA. After incubation (1h) at room temperature with primary antibodies to NHE1 (2.5 μg/ml), NHE3 (5 μg/ml), NHERF1 (1:10,000) or NHERF2 (1:10,000), membranes were treated with goat anti-rabbit or horse antimouse IgG horseradish peroxidase-conjugated second antibody (Amersham Life Sciences, Inc., Arlington Heights, IL) and proteins detected using enhanced chemiluminescence (ECL, Amersham). Antibody specificity was confirmed in experiments in which primary antibody was omitted or pre-absorbed with immunizing peptide as described previously [4, 9] . To compare levels of protein expression in the syncytiotrophoblast fractions between treatment groups, Western blots were developed in the same film cassette for the respective protein. After film development, samples were quantified by two-dimensional densitometry using an Image 1 analysis system (Universal Imaging Corp., Reamstown, PA) and results expressed as arbitrary densitometric units/μg protein [13] .
Na + /H + exchange in MVM vesicles
Na + /H + activity determined in MVM from placentas of animals treated with CGS 20267 (n=5) or CGS 20267 plus estradiol (n=5) was analyzed concomitantly in MVM of untreated baboons (n=8) as described previously [4] . Briefly, MVM were centrifuged at 15,000 × g, washed with 500 μl ice-cold intravesicular buffer (IVB; pH 6.5) comprised of 25 mM 2[N-morpholino] ethanesulphonic acid (MES; Sigma) and 150 mM KCl, and incubated for 30 min (37°C) in 200 μl IVB containing 10 μM 2′,7′bis(carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethyl ester (BCECF-AM; Molecular Probes). After washing with IVB, samples were incubated for 15 min (4°C) in 600 μl IVB without/with amiloride (Sigma) at a concentration (0.5 mM) shown to inhibit NHE activity by >98% [7] . MVM vesicles (200 μg protein/600 μl IVB) were then placed into one chamber of a KinTek SF 2001 Stopped Flow spectrofluorimeter (KinTek Laboratories, La Marque, TX) and 2 ml of extravesicular buffer (EVB; pH 9.5) comprised of 10 mM HEPES (Sigma) and 150 mM NaCl added to a second chamber. After equilibration to 20°C, 60 μl of MVM (20 μg protein) was mixed instantaneously with 150 μl EVB, which increased extravesicular pH to 8.2, and voltage (i.e. fluorescence; excitation 490 nm; emission 535 nm) recorded (6 data points/sec) for 30 sec. At the conclusion of the reaction, sample was displaced and another 60 μl of MVM and 150 μl EVB were mixed and the analyses repeated. Thus, for each MVM sample, at least 10 determinations of NHE activity in presence/absence of amiloride were performed with the computer software determining a best fit two-exponential of the average of 6 of the analyses as well as amplitude (A2), adjusted for differences in loading, and rate constant (k2) from which t½ (k2 = 0.7/t½) and Na + /H + activity (A2 × k2) expressed as millivolts (mV)/sec/20 μg protein were calculated. We previously confirmed that leakage of dye from vesicles was minimal (< 2%) over a 60 min period and that comparable amount of dye were released by treatment with 1% Triton.
Statistics
Data are expressed as an overall mean (± SE) and analyzed by unpaired "t" test or analysis of variance with post hoc comparisons of the means by the Newman-Keuls multiple comparison tests. Because fetal/placental weights, Na + /H + activity in MVM as well as the levels of serum estradiol and the antiporters and their regulatory factors in syncytiotrophoblast fractions determined by Western blot in untreated baboons of the current study were comparable to respective values previously reported in a group of contemporaneously studied untreated baboons [4] , respective values were combined for statistical purposes. Data on alkaline phosphatase and Na + /H + activity in MVM as well as DHAP binding in BM/FVE from placentas of untreated baboons was determined concomitantly with that in animals treated with CGS 20267 ± estrogen and previously published [4] .
RESULTS
Serum estradiol and placental and fetal weight
Maternal peripheral serum estradiol levels increased from approximately 1 ng/ml on days 85-120 of gestation to 1.5 ng/ml to 2.5 ng/ml on days 120-150 and to 3.0 -3.5 ng/ml by day 165-175. Within 48-72 h of the onset of CGS 20267 treatment on day 100, maternal serum estradiol levels decreased to and remained at approximately 0.1 ng/ml, whereas the pattern of serum estradiol in baboons treated with CGS 20267 plus estradiol benzoate was similar to that in untreated animals. Thus, mean (± SE) estradiol levels in uterine venous serum on the day of delivery in untreated baboons (Table 1) were decreased (P<0.05) by more than 95% in animals treated with CGS 20267 and restored (P<0.05) to approximately 55% of normal by treatment with CGS 20267 and estrogen. The day of delivery was similar in baboons untreated or treated with CGS 20267 ± estradiol.
Although fetal body weight in late gestation was not altered by treatment with CGS 20267, placental weight was increased (P<0.05) by approximately 40%. As a consequence, in estrogen-suppressed baboons, the ratio of fetal body weight to placental weight was lower (P<0.05) than in untreated animals. The fetal-placental weight ratio was restored to normal in baboons treated with CGS 20267 and estrogen, however placental and fetal weights were 22% and 14% lower (P<0.05) than respective values in untreated baboons (Table 1) .
Placental alkaline phosphatase activity and DHAP binding
Alkaline phosphatase activity was comparably enriched in MVM isolated from placentas of baboons treated with CGS 20267 (12 ± 3 fold) and CGS 20267 ± estrogen (12 ± 1 fold) and not significantly different from that noted in placental MVM from untreated baboons (19 ± 4 fold).
DHAP binding in BM/FVE was also comparably enriched in baboons treated with CGS 20267 (30 ± 6 fold) or CGS 20267 and estrogen (28 ± 3 fold) and similar to that in BM/FVE isolated from placentas of untreated baboons (35 ± 3 fold).
Of the trophoblast fractions examined, protein levels in the BMm (11-14 mg/g placental weight) were greater than in the 10K (0.9-1.2 mg/g), the MVM (0.2-0.4 mg/g) and BM/FVE (0.13-0.14 mg/g). Protein concentrations in respective syncytiotrophoblast fractions were similar in baboons treated with CGS 20267 or CGS 20267 plus estradiol and comparable to values in placental fractions isolated from untreated baboons.
Expression of NHE3 and NHERF2
In untreated baboons, NHE3 protein was abundantly expressed (Fig. 1 A, and inserts 1 and 2) and detected as green in syncytiotrophoblast cytoplasm presumably associated with endosomes, and to a lesser extent in FVE of the inner villous core. Although NHE3 was detected in the juxtanuclear compartment, expression at this site was minimal and not observed in all sections. Thus, the majority of syncytiotrophoblast nuclei remained dark, i.e. devoid of green protein (Fig 1A, insert 1) or red ( Fig 1A and insert 2) indicating that co-localization of expressed green protein with propidium iodide around syncytiotrophoblast nuclei was minimal. In contrast, in placentas of estrogen-suppressed baboons (Fig 1B and inserts 1 and 2) , although NHE3 was detected in the FVE and remained abundantly expressed in and localized to syncytiotrophoblast cytoplasm, the antiporter was also detected in the juxtanuclear compartment in the majority but not all regions of the syncytium. Thus, in most instances, syncytiotrophoblast nuclei appeared green (Fig 1B, insert 1) or yellow ( Fig 1B and insert 2) . Moreover, the absence of yellow dots in the nucleolus (Fig 1B, insert 2) indicates that NHE3 was localized around but not within syncytiotrophoblast nuclei. Overall, the pattern and site of NHE3 expression in placentas of baboons treated with CGS 20267 and estrogen approached that observed in untreated baboons. Thus, in estrogen-treated baboons, in the majority of sections examined, NHE3 was minimally detected in the juxtanuclear compartment ( Fig. 1 C,  inserts 1 and 2 ), whereas expression in the cytoplasm (Fig. 1 C and insert 1 ) remained relatively abundant. Specificity was confirmed by absence of staining in sections incubated without primary antibody.
Presence of endosomes in syncytiotrophoblast of untreated baboons was confirmed by detection of the endosome specific marker Rab4 which was abundantly expressed in the cytoplasm but not the nucleus (data not shown). Expression of Rab 4 in syncytiotrophoblast cytoplasm was not altered by CGS 20267 or CGS 20267 plus estrogen treatment. Specificity was confirmed by absence of staining in sections incubated without primary antibody.
NHE3 was detected by Western blot (Fig. 2) as an 85 kDa protein in the BMm and 10K, cytoplasmic fractions presumably containing endosomes, but was not detected in the MVM (not shown). Thus, consistent with the cytoplasmic expression of NHE3 detected by immunocytochemistry, the mean levels (arbitrary units × 10 −3 /μg protein) of NHE3 in the BMm and 10K fractions were similar (P>0.60) in baboons untreated (BMm, 42 ± 4; 10K, 50 ± 4) or treated with CGS 20267 (BMm, 43 ± 4; 10K, 54 ± 3) or CGS 20267 and estrogen (BMm, 36 ± 3; 10K, 45 ± 3).
As with NHE3, in untreated baboons NHERF2 protein was also abundantly expressed in and localized to the syncytiotrophoblast cytoplasm as well as the FVE, but appeared to be relatively absent from the juxtanuclear compartment (Fig. 3A, and inserts 1 and 2) . Thus, the majority of syncytiotrophoblast nuclei were devoid of green protein and therefore remained dark (Fig.  3A, insert 1) or red ( Fig 3A and insert 2) . However, in estrogen-suppressed baboons (Fig. 3B and inserts 1 and 2) although NHERF2 expression remained abundant in the FVE and in syncytiotrophoblast cytoplasm, NHERF2 was also detected in the juxtanuclear compartment in several but not all regions of the syncytium. Thus, in the majority of sections syncytiotrophoblast nuclei appeared green (Fig. 3B, insert 1) or yellow (Fig 3B, and insert 2) indicative of NHERF2 protein expression whereas the nucleolus when visible appeared red, i.e. devoid of NHERF2 protein (Fig. 3B, insert 2) . In contrast, in baboons treated with CGS 20267 and estrogen, NHERF2 was minimally detected in the juxtanuclear compartment ( Fig.  3C and inserts 1 and 2), whereas expression in the cytoplasm (Fig. 3C , inserts 1 and 2) and FVE remained relatively abundant. Finally, in virtually all sections of placenta examined, NHERF2 expression although abundant in FVE was not detected in other cells of the inner villous core or in the MVM in baboons untreated or treated with CGS 20267 ± estrogen (Fig  3 A, B and C).
Western blot (Fig. 4) showed that NHERF2 protein was detected as doublet with an approximate molecular size of 45 kDa in the BM/FVE of baboons untreated or treated with CGS 20267 ± estradiol. However, the mean level (arbitrary units × 10 −3 /μg protein) of NHERF2 protein in BM/FVE of untreated baboons (41 ± 3) was reduced by approximately 65% (P<0.05) in CGS 20267-treated animals (27 ± 4) and restored (P<0.05) to normal in animals treated with CGS 20267 plus estrogen (45 ± 4).
Expression of NHE1 and NHERF1
As seen in Fig 5, NHE1 was abundantly expressed in syncytiotrophoblast MVM of untreated baboons (Fig. 5A ) and expression at this site did not appear to be altered by treatment with CGS 20267 (Fig. 5B) or CGS 20267 and estrogen (Fig. 5C) . In all animals, NHE1 expression was negligible in syncytiotrophoblast nuclei, minimal in the syncytial cytoplasm, and lightly but only occasionally detected in FVE. Consistent with immunocytochemistry, NHE1 was detected by Western blot (Fig. 5D ) as a 104 kDa protein and levels (arbitrary units × 10 −3 /μg protein) in the MVM in untreated baboons (36 ± 4) were not altered by treatment with CGS 20267 (36 ± 1) or CGS 20267 and estrogen (34 ± 5).
The expression of NHERF1 was also abundantly expressed and detected in syncytiotrophoblast MVM, but was not detected in nuclei, and only weakly expressed in cytoplasm and FVE. NHERF1 expression in the MVM appeared similar in baboons untreated (Fig. 5E ) or treated with CGS 20267 (Fig. 5F ) or CGS 20267 and estrogen (Fig. 5G) . Consistent with the immunocytochemistry, mean level (arbitrary units × 10 −3 /μg protein) of the 50 kDa NHERF1 protein in the MVM of baboons treated with CGS 20267 (39 ± 5) was similar to those in baboons untreated (42 ± 5) or treated with CGS 20267 and estrogen (45 ± 5; Fig. 5H ). . The original and computer generated 2-exponential fit of the average of 6 experimental determinations of change in fluorescence (i.e. voltage) of BCECF loaded MVM vesicles incubated for 30 sec with buffer which raised pH from 6.9 to 8.2 and extravesicular NaCl from 0 to 150 mM are depicted. In all MVM vesicles there was a rapid (t½ < 2 sec) initial period of Na + /H + exchange which was followed by a relatively more slow (t½ = 15 to 20 sec) increase in exchange activity which was maintained for up to 30 sec. The latter Na + -dependent component of Na + /H + exchange (A2; k2) reflected coupled activity of an NHE antiporter in the MVM and not uncoupled H + or Na + fluxes as only this component Na + /H + exchange (i.e. change in fluorescence) was inhibited >98% in vesicles incubated with 0.5 mM amiloride (not shown). Moreover, fluorescence did not change when BCECF loaded vesicles were incubated with intravesicular buffer (low pH, contains no sodium) to which NaCl was omitted (Fig 6A,  6B) . Similar results were obtained in MVM from placentas of untreated baboons [not shown ; 4] . Thus, as summarized in Fig 6C, 
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DISCUSSION
The results of the current study demonstrate that the decline in expression of NHE3 and its regulatory factor NHERF2 in the syncytiotrophoblast juxtanuclear compartment that occurs between mid and late baboon gestation [4] was prevented in animals in which estrogen production was suppressed during this interval of pregnancy. Moreover, the change in NHE3 and NHERF2 localization was restored to normal by treatment with CGS 20267 and estrogen. Therefore, we propose that the reduction in expression of NHE3 and NHERF2 in the juxtanuclear compartment of the primate placenta with advancing gestation is an estrogendependent event. Estrogen, via interaction with estrogen receptor α (ERα), has been shown to enhance the mRNA levels of the endosomal marker Rab 11 and thus perhaps endosome formation in uterine endometrial cell cultures [19] and we have shown that the baboon placenta expresses ER [20] . However, whether the detection of NHE3 in the juxtanuclear compartment and presumably endosomes of the placenta in CGS 20267-treated baboons as well as the decline in NHE3 at this site between mid and late gestation [4] reflects a change in the amount of NHE3 in and/or the number of endosomes that localize to the nuclear envelope remains to be determined. It is also well established that expression of NHE3 protein, activation of NHE3 gene expression and protein production as well as NHE3 activity are up-regulated by cortisol [11, 12] . We previously showed that estrogen increased the ratio of 11β-HSD2 to 11β-HSD1 in the BMm of baboon syncytiotrophoblast between mid and late gestation [13, 14] . Because 11β-HSD2 catalyzes the conversion of cortisol to biologically inactive cortisone [21 for review], we proposed that this estrogen-dependent switch in enzyme ratio in syncytiotrophoblast may act to control local levels of active cortisol that arrive within the fetalplacental unit. Therefore, whether estrogen controls NHE3/NHERF2 expression in the juxtanuclear membrane directly and/or indirectly via enhancing the conversion of cortisol to cortisone remains to be determined.
Using immortalized kidney cell lines, others have shown that NHE3, which is abundantly expressed in and localized to endosomes in the cytoplasm and in the juxtanuclear compartment, functions at these sites in part to acidify endosomes and to facilitate vesicular fusion [22, 23] . Moreover, it has been proposed that the trafficking of NHE3 to/from the cell membrane and the juxtanuclear compartment [24] represents a physiologic mechanism by which NHE3 controls Na + /H + exchange in epithelial cells of the kidney, colon, small intestine and gallbladder [25, 26] . It also appears that trafficking of NHE3 can be enhanced by NHERF2, apparently via activation of phospholipase C [26] . Although the specific physiologic role(s) of NHE3 and NHERF2 in syncytiotrophoblast intracellular function remains to be elucidated, based on our studies we propose that estrogen plays an important role in regulating expression of components of the NHE system within and consequently development and function of the primate placental syncytiotrophoblast.
In contrast to the decrease in NHERF2 expression in the juxtanuclear compartment, protein levels of this regulatory factor in the cytoplasm remained unchanged whereas expression in the FVE was increased during the second half of pregnancy [4] . In animals of the current study, although NHERF2 levels in syncytiotrophoblast cytoplasm were not altered by estrogen, levels in the BM/FVE were reduced in estrogen-suppressed baboons and restored to normal in animals treated with CGS 20267 and estrogen. Therefore, although it is likely that estrogen may exert a direct effect on NHERF2 expression in FVE, the latter remains to be established since we have also shown that vessel density was increased between mid and late gestation in the baboon [28] . Finally, the apparent differences in NHERF2 expression in syncytiotrophoblast and fetal vascular cells may also reflect other developmental changes in the placental:fetal hormonal milieu. For example, local levels of cortisol markedly decrease in the placenta with advancing gestation whereas levels in the fetus are increased as a result of onset of cortisol production by the fetal adrenal gland [29] .
It is well established that NHE1 functions primarily to maintain cell volume and intracellular pH [1, 30] . The results of the current study showed that suppression of estrogen production in baboons was associated with an increase in placental wet weight and a decrease in the fetal:placental weight ratio. It is possible that the increase in placental weight in estrogensuppressed animals may reflect an increase in accumulation of fluid/water and perhaps cellular volume secondary to changes in expression and localization of components of the NHE system. Although NHE3/NHERF2 expression/localization were altered by CGS 20267 administration, levels of NHE1 and its regulatory factor NHERF1 in the MVM, a major site of Na + /H + exchange between the maternal and trophectodermal compartments, as well as NHE activity were not altered in estrogen-suppressed baboons. However, because NHE1 expression and activity is rapidly up-regulated by alterations in cell volume and/or intracellular pH [31] , it is possible that the apparent maintenance of MVM NHE1 expression/activity in estrogensuppressed baboons reflects upregulation secondary to changes in placental intracellular H + , volume and/or osmolality. It is also possible that in addition to level of expression, interaction of these antiporters with other integral components of the MVM may have been altered by estrogen deprivation. For example, formation of microvilli is dependent upon phosphorylation of ezrin as well as NHERF1 to anchor F-actin to plasma membrane proteins including NHE1 or NHE3 [32] [33] [34] [35] . Thus, formation of MVM and Na + /H + exchange appear to be linked although the latter remains to be confirmed for the primate placenta.
In summary, the results of the current study show that the decline in expression of and localization of NHE3 and NHERF2 in the juxtanuclear compartment of syncytiotrophoblast of the baboon placenta during the second half of baboon pregnancy was prevented in animals in which estrogen production was suppressed by administration of an aromatase inhibitor. Moreover, the changes in NHE3 and NHERF2 localization were restored to normal by treatment with aromatase inhibitor and estrogen. Based on our current and previous findings, we propose that estrogen plays an important role in regulating expression of components of the NHE system within and consequently development and function of the primate placental syncytiotrophoblast. Representative photomicrographs of the immunocytochemical expression of NHE3 in placental syncytiotrophoblast on day 165 of gestation (term = day 184) in baboons untreated (A and inserts 1 and 2) or treated on days 100-164 with CGS 20267 (B and inserts 1 and 2) or CGS 20267 and estradiol benzoate (C and inserts 1 and 2) as described in legend to Table 1 . Sections were incubated with antibodies to NHE3, stained with streptavidin conjugated with AlexaFluor 488 and treated with propidium iodide to stain nuclei red. Proteins localized to cytoplasm or syncytiotrophoblast membranes were detected by immunofluorescence as green and those colocalized to juxtanuclear compartment stained as yellow. Original magnification Representative Western immunoblot (top Panels) and mean (±SE) concentrations (arbitrary units/μg protein) of the 85 kDa NHE3 protein in the BMm (A) and 10K (B) fractions prepared from placentas obtained on day 165 of gestation from baboons untreated (BMm, n = 7; 10K, n = 9) or treated with CGS 20267 (BMm, n =7; 10K, n = 7) or CGS 20267 and estradiol benzoate (BMm, n = 7; 10K, n = 6). Proteins were loaded (15-25 μg/lane) onto discontinuous SDS polyacrylamide gels, transferred to Immobilon P and incubated with primary antibody to human NHE3. Mean (± SE) values of NHE3 in the BMm and 10K fractions in treatment groups were not significantly different (P>0.6; ANOVA). Representative photomicrographs of the immunocytochemical expression of NHERF2 in placental syncytiotrophoblast on day 165 of gestation (term = day 184) in baboons untreated (A, and inserts 1 and 2) or treated on days 100-164 with CGS 20267 (B, and inserts 1 and 2) or CGS 20267 and estradiol benzoate (C, and inserts 1 and 2). Sections were incubated with antibodies to NHERF2, stained with streptavidin conjugated with AlexaFluor 488 and treated with propidium iodide to stain nuclei red. Proteins localized to cytoplasm or syncytiotrophoblast membranes were detected by immunofluorescence microscopy as green and those colocalized to juxtanuclear compartment stained as orange-yellow. Original Representative photomicrographs of the immunocytochemical expression of NHE1 (A-C) and NHERF1 (E-G) in baboon placental syncytiotrophoblast on day 165 of gestation in animals untreated (A, E) or treated with CGS 20267 (B,F) or CGS 20267 and estradiol benzoate (C,G). Sections incubated with primary antibody to NHE1 or NHERF1, stained and analyzed as described in legend to Fig 1. Original magnification = ×400. Representative Western immunoblot and mean (± SE) concentrations of the 104 kDa NHE1 (D) and NHERF1 (H) protein in syncytiotrophoblast MVM isolated from placentas obtained on day 165 of gestation from baboons untreated (NHE1, n=10; NHERF1, n=7) or treated with CGS 20267 (NHE1, n=9; NHERF1, n=8) or CGS 20267 and estradiol (NHE1, n=6; NHERF1, n=8). A,B; Representative time-course of Na + /H + exchange activity of MVM vesicles prepared from placentas of baboons treated with CGS 20267 (A) or CGS 20267 plus estrogen (B). Exponential fit (Y = A1 (−k1t) + A2 (−k2t) + C) of change in fluorescence (i.e. voltage) of BCECF loaded MVM vesicles incubated for 30 sec with buffer without NaCl or buffer which raised extravesicular NaCl to 150 mM. A1; k1, initial period of exchange; A2; k2, Na + -dependent Na + /H + exchange C: Overall mean (± SE) Na + /H + exchange activity (mV/sec/20 μg protein) of MVM vesicles isolated from placentas of baboons untreated or treated with CGS 20267 and CGS 20267 plus estrogen and calculated as the product of the rate constant and amplitude of the second exponential (k2 and A2). T½ = 0.7/k2. Table 1 Placental and fetal body weights, uterine venous serum estradiol (E 2 ) levels in and day of delivery of baboons untreated or treated with the aromatase inhibitor CGS 20267. 
